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During the current grant year our research project has been proceeding according to the time 
table outlined in the original proposal. Progress in centrifugation assays, deformability assays, 
and micromanipulation assays as well as in mathematical modeling are summarized below. 
Centrifugation Experiments. We have focused our effort on dissecting the 
contribution from a particular cell adhesion molecule (CAM), i.e. E-selectin. Through a 
collaborative arrangement, we have been able to obtain soluble E-selectin and its antibody from Dr. 
David H. Presky (Hoffmann-La Roche, Nutley, NJ). We have established the experimental 
conditions, including the optimal concentrations for various reagents, the most sensitive window 
for binding variations, and the number density (molecular sites per unit area) of E-selectin 
immobilized on the surface. Some of the results are shown in Fig. 1. Coating of soluble E-
selectin on 96-well plates with variable densities was demonstrated using ELISA. Adherence 
assays using centrifugation technique demonstrated that lll..-60 cells bound to plastic surfaces 
coated with E-selectin and that the increased binding very closely correlated with the increasing 
concentrations of the coating E-selectin solutions (Fig. lA). Figs. lB and 1 C show the number of 
E-selectin molecules per unit area of surface as a function of the concentration of E-selectin 
solutions added to coat the surface and of the concentration of the capture antibody. Combining 
the data in Figs. 1A and 1 B, it can be seen that the percent of lll..-60 binding falls off rapidly at an 
E-selectin surface number density of around 200 molecules/~m2. These reagents add powerful 
tools to our experimental capability. Not only will such a well-defined system allow for detailed 
experimental studies of the functionality of E-selectin, but it also is ideal for experimental validation 
our mathematical models. The use of a flat, rigid, and smooth plastic surface coated with 
predetermined density of a single species of CAM with restored functional activities for melanoma 
cell binding greatly simplifies the model, removes many uncertainties, and provides direct 
measurements for a number of model parameters. We anticipate that we will be able to generate 
large amount of data during the next granting year. 
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Fig. 1. (A) Amount of E-selectin coated on plastic surfaces as assessed by ELISA and percent adherence of HL-60 
cells to the E-selectin coated surfaces as functions of the concentration of soluble E-selectin used to coat the surfaces. 
The capture antibody concentration was 5 Jlg/ml. (B) Number density of E-selectin coated on plastic surface and E-
selectin concentration at the supernatants as functions of the concentration of soluble E-selectin added to coat the 
surfaces. The capture antibody concentration was 5 Jlg/ml. (C) Number density of E-selectin coated on plastic 
surface and E-selectin concentration at the supernatants as functions of the concentration of capture antibody. The 
concentration of soluble E-selectin added to coat the surfaces was 25 ng/ml. Experiments for (B) and (C) were 
repeated four times with very similar results. Shown here are data of a typical experiment (presented as mean± 
standard deviation of measurements from at least quadruplicate wells). 
Deformability Experiments. Our micropipette system has been operational since early 
1992. Using a computer program (provided by Dr. Richard Skalak, University of California, San 
Diego) based on the model of Dong et al. (1988), the mechanical properties of melanoma cells and 
endothelial cells have been derived from the deformability measurements. Fig. 2 shows four 
sequential photomicrographs of a typical experiment, and Fig. 3 shows representative results. 
After automation of the data acquisition from tape-recorded images, deformability measurements 
will become a routine in our lab next year. 
Fig. 2. Sequential photomicrographs of a deformability experiment. The tape-recorded images were digitized and 
processed using the Macintosh Quadra 950 to allow direct printing from a laserwriter. The numbers on the top of 
each photo represent, in order, month-day and hours:minutes:seconds:tens-of-milliseconds. (A) The micropipette 
with zero pressure was positioned to a WM-266-4 melanoma cell. (B) 40 milliseconds later, the melanoma cell 
"jumped" into the pipette in response to a step aspiration pressure. (C) and (D) Mter the initial elastic response, the 
cell continued to deform in a viscoelastic creep and the length of the cell "tongue" into the pipette increased in time. 
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Fig. 3. Time course of the 
displacement of the cell "tongue" into 
the pipette in response to a step 
aspiration pressure. The mechanical 
properties are represented by three 
model parameters: the prestressed 
tension T 0 of the conex, and the 
elasticity k and viscosity J.l of the 
cytoplasm. Their values are derived by 
fitting the theoretical prediction (solid 
curve) with the experimental 
measurements (open circles). The 
parameter values vary slightly with the 
duration of the time course used for 
curve fitting, suggesting that these are 
apparent values only. 
Micromanipulation Experiments. We also have begun preliminary cell adhesion 
experiments with the micropipette system. Fig. 4 shows four sequential photomicrographs of a 
micromanipulation assay. A practical problem of this protocol is that, under the optical 
microscope, it is very difficult to distinguish the bright field images of melanoma cells from those 
of endothelial cells after they are detached from the culture flasks and suspended in the cell 
chamber, as can be seen in Fig. 4. Another concern is that detaching the anchorage-dependent 
endothelial cells might alter their adhesive properties because adhesion molecules might not be 
distributed uniformly on the basal and apical surfaces of an endothelial cell. We have used several 
approaches to address these issues. With the approval of the Whitaker Foundation, we have 
purchased another microscope workstation (Ziess) with fluorescence accessories. Labeling 
melanoma cells and endothelial cells with different fluorescent dyes will allow us to readily 
distinguish the two types of cells under the microscope. We also developed two modified 
protocols for the micromanipulation assay. Instead of detaching the endothelial cells from a culture 
flask and suspending into the cell chamber, they are directly subcultured in the cell chamber. In the 
frrst protocol, the cell chamber with endothelial cells grown on its bottom surface is mounted on 
the microscope stage for experiment. The melanoma cells detached from a culture flask are 
introduced into the cell chamber and allowed to adhere to the apical surfaces of the endothelial cells 
whose basal surfaces remain attached to the substrate. In the second protocol, microcarrier beads 
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are added to the subcultures to allow the endothelial cells to grow over their surfaces. During the 
experiment, a melanoma cell is picked up by a micropipette and placed onto an endothelial cell 
grown on the bead to allow adhesion to occur. The manipulation procedures then follow and the 
critical force required to separate the melanoma cell from the endothelial cell is measured. These 
two modified protocols are shown in Fig. 5. The suspending melanoma cells mimic their 
circulating counterpart in metastasis while the attachment of endothelial cells to glass surfaces or 
microcarrier beads resembles their resting on a basement membrane. An added advantage of the 
new protocols is that the degree of complexity of the experiment is greatly reduced because only a 
single micropipette is used instead of two. Therefore, much more measurements can be made in a 
two-hour experiment using the new protocols as compared to the old one. The second new 
protocol also allows us to evaluate the effects of different modes of detachment by comparing the 
magnitude of detachment forces between that applied in the direction perpendicular to the adhesion 
plane with that applied in the direction tangential to the contact plane. Systematic experiments 
based on these protocols are expected for the next granting year, including the regulation of 
adhesion by biologic response modifiers and the inhibition of adhesion by blocking antibodies. 
13-i?l n:us: 1'1: ·,!i 13-ll n:o1:'1 t:i!a . 
Fig. 4. Sequential photomicrographs of a micromanipulation experiment. The smaller cell on the left was an 
endothelial cell and the larger cell on the right was a melanoma cell. (A) The two cells were aligned and brought 
into direct contact (B) The endothelial cell was released to allow for adhesion with the melanoma cell free of applied 
forces. (C) The endothelial cell was recaptured later and the two cells were gradually pulled away from each other. 
(D) The two cells were separated when the aspiration pressure exceeded the critical value. 
page 4 of 5 
Fig. 5. Illustration of the two 
modified protocols for micropipette 
manipulation experiments. (A) 
The achorage-dependent cells were 
subcultured on the bottom glass 
surface of the cell chamber. (B) 
The achoragedependent cells were 
sub-cultured on the surfaces of 
microcarrier beads. 
Mathematical Modeling. Image acquisition and processing is the frrst step of any 
analysis, since the raw data from the defonnability and micropipette adhesion experiments are 
obtained in the form of images and stored in video tapes (Figs. 2 and 4). The data shown in Fig. 3 
were obtained by measuring distances manually on images displayed on the monitor by single 
frame playback of the video tape, which was very slow and labor-intensive. We have purchased a 
Macintosh Quadra 950 equipped with a Neotech image grabber (Advent Computer Products, 
Encinitas, CA), an Ultimage Concept VI software (GTFS, Santa Rosa, CA), a Lab View 2 software 
(National Instruments, Austin, TX), and a Super-VHS computer-controlled VCR (NEC 
Technologies, Wood Dale, a). A computer program for automated image acquisition and 
processing are currently being developed, and we expect this to be done during the next granting 
year. The Quadra 950 computer also is being used for mathematical modeling. We have focused 
our effort on the phase of spontaneous adhesion during the current granting year. Modeling 
equations describing the time course of adhesion area are being solved using a series expansion 
method and an integral method. We anticipate that these calculations will be finished during the 
next granting year, and we will proceed with the modeling of forcible separation. 
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PROGRESS REPORT 
Progress in various aspects of our research project during the current grant year is 
summarized below. 
Centrifugation Experiments and Related Analyses. We have again focused our 
effort on dissecting the contribution from a particular cell adhesion molecule (CAM), i.e., E-
selectin. Our strategy consists two steps. In the first step, a simplified system of E-selectin coated 
plate has been used to systematically quantify the influences of several physiochemical parameters 
on tumor cell adhesion. The strength of the E-selectin coated plate system lies in its simplicity and 
reliability (much less biological variability) which allows for quick generation of large amount of 
data. The quantitative relationships developed in the first step would then be verified using plates 
cultured with endothelial cells in the second step. Key results of the first step experiments are 
summarized in Fig. 1. Tumor cell adhesion to E-selectin coated plate has been shown to be 
independent of the duration of spinning (Fig. 1 A), to decrease with the increasing relative 
centrifugal force (RCF) (Fig. 1B), and to increase with the increasing E-selectin density (Fig. 1C). 
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Fig. 1. Percentage of tumor cell (colon carcinoma cell line Colo 205) adherence to E-selectin coated surfaces as a 
function (A) of the duration of application of the centrifugal force, (B) of the relative centrifugal force (RCF) at 
various site densities of E-selectin, and (C) of the site density of E-selectin at various RCFs. Binding was 
specifically mediated by E-selectin because tumor cells did not adhere to the control surfaces coated with BSA or 
capture antibody alone. Specificity also was confrrmed using monoclonal antibodies directed against E-selectin and 
its ligands (data not shown). Experiments were repeated three times with very similar results. Shown here are data 
of a typical experiment (presented as mean± standard deviation of measurements from at least quadruplicate wells). 
The solid curves are model predictions (see text). 
1 
We found that, except for the very low RCF case (8g), the families of data shown in Fig. 
lB or 1 C lined up along a single curve if the percentage of tumor cell adherence P was plotted 
againstjln10 (Fig. 2A), the ratio of the relative centrifugal forcefand the E-selectin site density 
n10, or against its reciprocal n10/f(Fig. 2B). This allowed us to identify two stochastic processes, 
one for attachment (the very low RCF case) and the other for detachment (the rest of data). The 
percentage of adherent for a cell population is related, in the former case, to the probability of a 
single cell to form at least one bond and in the latter case, to the probability of a single cell to have 
an adhesion strength greater than the detachment force. The attachment process requires further 
experimental studies to be conducted in the next grant year. The data for the detachment process 
enabled us to improve our stochastic model for cell detachment by centrifugal force as described in 
the original proposal. The ratio n 1 olf represents a similarity variable the existence of which 
suggests a mathematical structure of the detachment condition for an individual cell, i.e., n10/f < x. 
We further found that the single cell property x was lognormally distributed among the cell 
population as shown in Fig. 2C. Thus, not only can the data presentation be much better 
organized, but these families of data can be predicted through a known functional form using only 
two parameters (Figs. lB and lC). We also were able to determine that the cell mass was a most 
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Fig. 2. Data from Figs. 1B and 1C replotted using the similarity variable. Pas a function of the ratio fln 10 (A) or 
of its reciprocal n 10/f(B). Except for the very low RCF case (8g), all the data line up along a straight line in the log 
scale when the ordinate is transformed using the inverse cumulative normal distribution F- 1(•) (C). Thus, the 
functional form of such relationship is determined to be a lognormal distribution. P nonspecific is the nonspecific 
binding to the control surfaces coated with the capture antibody alone. 
2 
likely candidate for this random variable while the expression of the counter-receptor (SLex and 
SLea) on Colo 205 cells was not. The latter implies that the ligand density is in excessive amount 
as compared to the coated E-selectin density used in our experiments. Independent verification of 
the size and density distributions for Colo 205 cells is underway. Upon completion of these 
experiments, we will be able to predict the bonding force of the receptor-ligand interaction. 
To relate the data generated using the E-selectin coated plates to the more physiologic 
system of cultured endothelial cells, as part of the second step, experiments have been conducted to 
quantify the site density of E-selectin expressed on cultured endothelial cell monolayers upon 
stimulation by various concentrations of biological response modifiers. This was done using 1251-
labeled anti-E-selectin monoclonal antibody (1D6) because this method allowed for quantitation of 
the absolute site density as opposed to relative expression levels determined using ELISA as 
originally proposed. The method consisted of measurement of the binding affinity of 1D6 forE-
selectin via Scachard analysis (Fig. 3A) and, based on the measured Kn, determination of the E-
selectin density from the radioactivity of the 125J-labeled 1D6 that was bound to the E-selectin 
expressed on the endothelial cells (Fig. 3B). Parallel adhesion assays are underway to validate the 













p:j KD = 1.01 x 10-8M 
;;.-. 





~ 200 (.) 
Q) 
0 ~ 0 en I 
0 200 400 600 U.) 0 100 200 300 400 5~ 
Bound 106 ll..-la Concentration (U/ml) 
(A) (B) 
Fig. 3. (A) Scachard analysis for the determination of the binding affinity of 106 mAb for E-selectin expressed on 
endothelial cells. (B) Site density of E-selectin expressed on cultured endothelial cell monolayer as a function of the 
concentration of interleukin-1 a used to stimulate the cells. Experiments were repeated four times with similar 
results. Shown here are data of a typical experiment (presented as mean ± standard deviation of measurements from 
at least quadruplicate wells). The solid line in (A) is the best fit to the data the slope of which enables the 
calculation of the dissociation constant KD· 
3 
Micropipette Experiments and Related Modeling. Our strategy has been to use the 
centrifugation assay to assess the effects of multiple experimental conditions and to use the 
micropipette assay to quantify detailed adhesion force and energy at the single cell level, since the 
former is a more effective screening method while the strength of the latter lies in its sophistication 
and precision. As shown in Fig. 4, the adherent tumor cell deformed as it was being aspirated and 
pulled by the micropipette. We have been developing a series of mathematical models to extract the 
information encoded in the shape change, including the histories of the adhesion force (Fig. 5A) 
and energy (Fig. 5B) during the entire process of separation as well as the mechanical properties of 
the very same cell. This is in contrast to the previous protocol discussed in the original proposal 

















Fig. 4. Computer-processed image 
of an adherent tumor cell overlain 
by the computed cell shape (dashed 
curve) to best fit a set of measured 
coordinates of the cell outline 
(dots). The fitting of the observed 
to the predicted cell shape allowed 
for the evaluation of the adhesion 
force and energy at the very moment 
the image was recorded. Also 
computed by the model are the 
mechanical properties of the cell. 
Fig. 5. Dimensionless axial force resultant (A), and surface adhesion energy density (B) as functions of the 
dimensionless pipette location at various levels of aspiration pressure (in mm H20). Each datum point in Fig. 5A 
or 5B was computed from measurements from one image of a deformed cell, such as those shown in Fig. 4. Data 
for three cells were shown, and tens of deformation states were analyzed for each cell. 
4 
This research combines the modeling of cell adhesion with that of cell deformations. To be 
able to simultaneously evaluate the mechanical properties and the adhesive properties for the same 
cell-is _important for two reasons. First, the basis of our approach is to use the cell itself as a 
mechanical transducer and therefore the accuracy of the calculated adhesive force and energy values 
depends critically on those of the mechanical properties used in the calculation. Secondly, 
comparison of the mechanical property values computed from multiple deformed states allows us 
to validate the the appropriateness of the mechanical model for the cell. 
The cell was modeled as a liquid drop enclosed by a prestressed cortical shell. The 
simplest model in our series assumes that the cellular deformation is quasi-static. The cortical 
tension and transcortical pressure computed based on this model is shown in Fig. 6. The data 
implies that the cortical tension is indepedent of the degree of stretch (as a true mechanical property 
should be) but strongly depends on the aspiration pressure (which contradicts the concept of 
mechanical property). We believe that such unrealistic results is due to the incorrect quasi-static 
assumption. We are currently modifying the model to remove this assumption by including 
cytoplasmic flow. We will also model the molecular dynamics of adhesive receptors to relate the 
molecular properties to the adhesive properties evaluated from cellular deformation. 
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Fig. 6. Model prediction of the prestressed 
cortical tension (closed symbols), and the 
transcortical pressure (open symbols) as 
functions of the pipette position, l, at several 
levels of aspiration pressure, p. Each pair of 
datum points was computed from 
measurements from one image of a deformed 
cell, such as those shown in Fig. 4. 
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Project Title: Mechanism of Melanoma Cell-Endothelial Cell Adhesion 
Principal Investigator: Dr. Cheng Zhu 
The general goal of this project is to elucidate the mechanisms of adhesion of tumor cells to 
endothelial cells as related to cancer metastasis. Melanoma is a highly malignant skin cancer which 
is characterized by a high incidence of metastasis associated with relatively small primary tumors. 
After leaving the primary tumor, a circulating tumor cell needs to adhere to an endothelial cell of the 
blood vessel wall in order to exit and to grow in a target organ. Thus, the adhesion of tumor cells 
to endothelial cells is a critical step in the metastatic process. 
This project was undertaken to advance our understanding of tumor cell endothelial cell 
adhesion. Experiments were performed to systematically quantify the effects on tumor cell 
adhesion of several physicochemical parameters. The data were analyzed using mathematical 
models that were developed based on concepts and principles of physics and chemistry. Not only 
were we able to validate the mathematical models with the experimental data, but we were also able 
to evaluate model parameters by comparing the predictions with measurements. We now have 
developed a theoretical framework that identifies the important factors and predicts how these 
factors influence the outcome. We also have developed a simple method to evaluate these 
parameters for any given system. These can then be used to design therapeutic approaches for 
preventing metastasis by altering adhesiveness. Highlights of our findings are listed below. 
• Developed a detailed mechanical property model of HL-60 tumor cell and experimental 
measurements of these properties (cortical tension and cytoplasmic viscosity). This enables us 
to use the cell itself as a mechanical transducer to measure the force and energy of adhesion 
from the observed deformation of the cell. 
• Systematically investigated the quantitative relationship among adhesion strength, receptor and 
ligand desities, and binding affinity in a serios of experiments using a simplified system of 
sialyl-Lewis X (sLex) expressing tumor (Colo-205) cells adherent to a plastic surface coated 
with a construct of E-selectin. 
• Quantified the E-selectin site density (molecule per unit cell surface area) expressed on the 
endothelial cells and how such expression changes in response to cytokine stimulation. This 
allowed us to relate the data generated using the simplified system of adhesion to plastic surface 
-coated with E-selectin with the more physiologic system of adhesion to endothelial cells. 
• Constructed a stochastic model of chemical kinetic for small systems, obtained a closed-form 
solution to the equilibrium case, and used it to successfully predict the experimental data. 
• Tested different relationships between binding affinity and bond force that have been suggested 
in the literature (for the first time, only possible with the use of our model), and identified the 
formulation the best describe our data. 
• Developed a general experimental and analytical procedure to determine the properties of 
interactions between surface-bound receptors and ligands and used this to evaluated such 
properties in our experimental system. No other methods currently exist to measure the 
binding affinity of surface-bound receptors and ligands. The existing methods can measure the 
binding affmity of receptors and ligands in liquid phase. Such property is relevant to binding 
of soluble ligand but not to binding of surface-bound ones. Receptor-ligand binding that 
mediates cell adhesion are surface-bound. 
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